I
nsulin resistance is the primary abnormality associated with obesity, type 2 diabetes, and hypertension (1, 2) . Interestingly, these disease processes also share a common underlying impairment of vascular endothelial function. For many years the endothelium was thought of as nothing more than a benign barrier between blood and extracellular space. But intensive investigations demonstrate a myriad of actions by the endothelium, including regulation of blood flow (3, 4) , vascular tone (5), vascular permeability (6) , and the immune response (7) . The capillary endothelium regulates blood flow via the release of several vasoactive agents, in particular nitric oxide (NO) (8) . Baron (4) first demonstrated that insulin can stimulate the release of endothelial NO, thereby regulating blood flow and its own delivery. Insulin has multiple hemodynamic actions to enhance its ability to increase glucose uptake in skeletal muscle (4, 9-11). The three major methods include: 1) increasing blood flow to the tissue by modulation of endothelial factors; 2) increasing the number of capillaries that dilate within the tissue (increasing microvascular volume), which allows for an increase in total permeable surface area for insulin and glucose to enter the space that bathes the active myocytes (i.e., the interstitial space); and 3) increasing permeability of the capillaries, thus allowing more glucose and insulin to pass from the blood to the interstitial space. In insulin-resistant states, these hemodynamic actions of insulin are impaired, presumably due to reduced NO bioavailability (12) .
The seminal study by Bergman and colleagues (13) with intravenous insulin infusion in a canine model showed that the rate at which glucose uptake increased exhibited a "hand in glove" relationship with the rate of rising lymph insulin. The strong correlation observed between glucose uptake and lymph insulin did not exist with plasma insulin levels, suggesting that interstitial insulin, as measured by lymph, directed glucose uptake. Thus, it was the rate of transport across the endothelial barrier that determined the rate of insulin action. These findings have since been corroborated by other investigators using microdialysis to directly measure interstitial fluid in human (14) and rat (15) studies. Moreover, bypassing the capillary endothelium and administering insulin directly into the interstitial space has been shown to prevent any delays in insulin action that occurs in normal physiology (16) , supporting the concept of transendothelial transport (TET) as a ratelimiting step for insulin action.
Capillary endothelial cells are the direct interface for metabolic processes and are therefore closely involved in TET. However, the mechanism of insulin transport across the capillary endothelium is debatable. In a study conducted in bovine aortic endothelial cells, King and Johnson (17) reported that the transport of insulin across a cell monolayer is saturable and unidirectional, consistent with receptor-mediated transport. However, in vivo animal studies support the notion that insulin transport is not saturable and occurs via passive diffusion (18) . Thus, insulin transport may consist of a saturable, receptormediated process under physiological conditions, but under supraphysiological conditions, additional methods may be recruited to allow insulin to cross the endothelial barrier, such as insulin-like growth factor. This idea is supported by an in vivo study conducted in humans demonstrating saturable insulin transport kinetics under physiological insulin ranges (30-300 pmol/L) from the same group whose current findings are featured in Wang et al. (19) . Nonetheless, TET of insulin is a crucial step for insulin-mediated glucose uptake.
Given the critical role of the endothelium as the gatekeeper of insulin transport into interstitial fluid, the vascular endothelium is positioned as a prime candidate to affect insulin action. Yet, despite overwhelming evidence implicating impaired endothelial function in the pathogenesis of insulin resistance, the potential relationship is poorly understood. In this issue, Wang et al. (19) used bovine endothelial aortic cells to provide evidence from a robust series of experiments that demonstrate: 1) NO directly promotes endothelial cell insulin uptake and transport as measured by uptake of fluorescein isothiocyanate (FITC)-labeled insulin and accumulation of [ 125 I] Tyr A14 insulin in Transwell plates, respectively; 2) NO donors such as sodium nitroprusside and L-arginine enhance insulin uptake while treatment with the NO synthase inhibitor L-N G -nitro-L-arginine methyl ester (L-NAME) prevents uptake; 3) NO donor sodium nitroprusside promotes insulin transport, which was determined to be independent of endothelial NO synthase (eNOS) activity; 4) NO increases insulin transport by enhancing protein S-nitrosylation, including protein-tyrosine phosphatase 1B (PTB1B); and 5) exogenous NO restored insulin signaling and uptake in rat aortic endothelial cells from animals rendered insulin resistant with high-fat feeding.
An exciting finding from the current study demonstrates that L-NAME completely blocks insulin uptake, suggesting that endothelial insulin transport only occurs in the presence of NO. This finding is consistent with a recent in vivo study in which the IRS2 gene was selectively deleted from vascular endothelial cells. The study showed that knockout of IRS2 caused inhibition of eNOS activation and almost completely inhibits insulin's transendothelial delivery to the interstitium within 60 min after initiating the insulin clamp (20) .
Wang et al. (19) have provided mechanistic insight into the development of insulin resistance in the face of impaired endothelial function. The current study, as well as earlier studies from Wang and colleagues (21) (22) (23) , provide key information in enhancing our understanding of how changes in endothelial function can affect insulin transport and insulin sensitivity. Although it is known that the many components of insulin resistance may have adverse effects on endothelial function, the intriguing question still remains: Is impairment of the capillary endothelium truly integral to the insulin-resistant state? Limitations of the current study beg for additional investigation in insulinresistant in vivo models, such as the NO-deficient animal FIG. 1. Simplified schematic of insulin transduction pathways. PI-3 kinase pathway regulates NO production in the vascular endothelium and GLUT4 translocation in insulin-sensitive tissues, i.e., skeletal muscle. The mitogen-activated protein (MAP) kinase pathway regulates endothelin (ET-1) production in the vascular endothelium and downstream effects of growth and mitogenesis. The study by Wang et al. (19) implicates NO as a critical mediator of transendothelial insulin transport into the interstitial space, consequently promoting glucose uptake. NO purportedly increases insulin transport via protein S-nitrosylation (PTB1B). Potential role or cross talk with the MAP kinase pathway in mediating insulin transport remains open for investigation.
model. Additionally, NO's effects are shown to be mediated through the PI3K pathway. However, there are two insulin signaling pathways and how the mitogen-activated protein kinase pathway, mediator of the potent vasoconstrictor endothelin, plays a role in the current findings is unknown (Fig. 1) . Although these two pathways are known to have opposing effects and are considered relatively separate, studies suggest cross talk between the two branches (24) . Resolution of these issues will have important implications for our understanding of the origins of vascular insulin resistance and ultimately its prevention and treatment.
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